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Abstrat
We investigate (2+1)-dimensional blak strings in the Kaluza-Klein spaetime. The
system is lassially stable as long as the horizon size is muh larger than the size of
the ompat spae. Semilassially, however, the horizon size shrinks gradually due to
the energy loss through the Hawking radiation. Eventually, the system will enter into
the regime of the Gregory-Laamme instability and get destabilized. Subsequently,
the spherially symmetri blak hole is formed and evaporated in the usual manner.
This standard piture may be altered by the dynamis of the internal spae whih
indued by the Hawking radiation. We argue that the blak string is exised from
the Kaluza-Klein spaetime before the onset of the Gregory-Laamme instability and
therefore before the evaporation.
1 Introdution
In the onventional 4-dimensional spaetime, the blak hole is onsidered as the blakbody whih emits
the Hawking radiation. Beause of this radiation, the size of the horizon gradually shrinks and nally the
blak hole evaporates. Although there still exists debate on the nal state after evaporation, the total
piture is simple.
From the point of view of the super string theory, it is natural to onsider higher dimensional spaetime.
In this piture, the event horizon of the blak hole would be the diret produt of the usual event horizon
and the ompat internal spae. It is interesting to investigate the evaporation proess of the blak hole
in the Kaluza-Klein spaetime. In this paper, for simpliity, we onsider the (2+1)-dimensional spaetime
with S1 as the ompat internal spae. The resulting Kaluza-Klein blak hole is alled the blak string.
The evaporation proesses of the blak strings ould be dierent from the 4-dimensional one due to the
Gregory-Laamme instability [1℄. It is known that the blak string is unstable when the horizon radius
is smaller than the sale of ompatiation. This instability hanges the spaetime struture. The
evaporation proess taking into aount this instability is depited in the Figure 1. Soon after the onset
of the Gregory-Laamme instability, the spherially symmetri blak hole would be formed. Subsequent
evaporation proess is very similar to the standard one.
Previously, we have onsidered the interplay between the radion and the Gregory-Laamme instabil-
ity [2, 3, 4℄. There, the radion has played an important role. It is natural to expet the radion also makes
a signiant ontribution to the evaporation proess of the blak strings. To the best of our knowledge,
however, the interplay between the Hawking radiation and the radion dynamis has not been onsidered
at all. Here, we study the role of the radion dynamis in the evaporation proess of the (2+1)-dimensional
blak string.
The bak reation of the Hawking radiation ould destabilize the radion. In fat, the energy of the
Hawking radiation attrats the spae around it. Thus, the radion is deformed by the Hawking radiation.
In general, this deformation would be inhomogeneous. Hene, the spaetime is pinhed at some radius.
Consequently, assuming the singularity resolution, the blak string might be exised from the spaetime.
If this speulation is true, the radion dynamis would hange the naive evaporation proess ompletely.
It should be stressed that the blak string exision from the spaetime ould our before the onset of
the Gregory-Laamme instability and hene before the evaporation through the onventional proess.
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Figure 1: A naive piture of the evaporation proess of the blak string. Beause of the Gregory-Laamme
instability, the blak string beomes the spherially symmetri blak hole.
2 (2+1)-dimensional Blak Strings
In this setion, we present our model and show the blak string exists in this simple set up. We start
with the (2+1)-dimensional dilaton gravity of the form
S[A, g] = M3
∫
d3x
√
−G[AR(3) + λ
2
A
] , (1)
where Gµν is the 3-dimensional metri, R
(3)
is the 3-dimensional salar urvature, A is the dilaton eld,
M3 is the 3-dimensional Plank mass and λ is the parameter whih have the mass dimension. The solution
of the equation of motion obtained from the ation (1) is
A = λr , ds2 = −α(r)dt2 + α(r)−1dr2 + dy2 , α(r) ≡ ln
(
r
rH
)
, (2)
where the period of the internal oordinate y is taken to be L. This solution represents the blak string
with horizon radius rH and this spaetime is asymptotially at beause the urvature reads R = 1/r
2
.
It is known that the blak string is unstable when rH . L. The other way around, the blak hole is
stable as long as rH is muh larger than L. It is ommon to ignore the radion dynamis when we disuss
this lassial instability. However, one we take into aount the semilassial eet, we annot ignore
the radion dynamis. We need to study the evaporation proess of this blak string with the non-trivial
radion dynamis.
3 Bak Reation of the Hawking Radiation
We onsider quantum eet of the salar eld f in the blak string bakground with the ation
S[A, g, f ] = M3
∫
d3x
√
−G[AR(3) + λ
2
A
] +
∫
d3x
√
−G[−1
2
(∇f)2] . (3)
To take into aount the radion dynamis, we parametrize the metri as
ds2 = gab(x
a)dxadxb + e−2χ(x
a)dy2 , (4)
where χ is the radion eld. Here, we assume rH ≫ L and all elds do not depend on y. Then, we an
arry out the y integration in the ation (3) to obtain
S[A, g, χ, f ] = M3L
∫
d2x
√−g e−χ[AR− 2∇A · ∇χ+ λ
2
A
] +
∫
d2x
√−g e−χ[−1
2
(∇f)2] , (5)
2
where R represents the 2-dimensional salar urvature. We an study the evaporation proess of the
blak string using the above eetive 2-dimensional dilaton gravity. We treat the salar eld quantum
mehanially, beause we want to study the bak reation of the Hawking radiation. We dene the
eetive ation
W [A, g, χ] = −i ln
(∫
Df exp(i
∫
d2x
√−g e−χ[−1
2
(∇f)2])
)
(6)
and semilassial energy momentum tensor
〈Tab〉 = −2√−g
δW
δgab
. (7)
We an treat the bak reation perturbatively, that is, we regard the soure Tab as the small quantity.
The master equation for the perturbed radion δχ is given by
−δχ− 1
A
∇A · ∇δχ = 1
4M3L
1
A
〈T aa 〉 . (8)
Note that the perturbed radion is gauge invariant as χ = 0. Therefore, the gauge mode annot appear
in the master equation (8). Sine the lassial ation of the matter eld is Weyl invariant, the trae part
of the energy-momentum tensor T aa should be zero. As is well known, however, Weyl symmetry has the
anomaly in the quantum theory, namely,
〈T aa 〉 =
1
24pi
R =
1
24pir2
. (9)
Now, we an disuss the radion dynamis.
Figure 2: The radion has inhomogeneous prole due to the Hawking ux.
4 Exision of Blak Strings
We set the initial onditions δχ(t = 0, r) = δχ,t(t = 0, r) = 0. Then, we an dedue the radion dynamis
for small t from master equation (8);
δχ =
1
8M3L
α(r)
A
〈T aa 〉 t2 =
1
192piλM3L
ln(r/rH)
r3
t2 . (10)
We gave a shemati piture of the radion dynamis in the Figure 2.
Now, we shall speulate the non-linear radion dynamis. The radion dynamis Eq.(10) an be un-
derstood from analogy to the osmi dynamis. In osmology, the matter tends to shrink the spae
3
Figure 3: The speulative non-linear radion dynamis is shown. The blak string is exised from the
spaetime at the end of the day.
and, nally, makes the singularity. Similarly, the internal spae may ollapse due to the Hawking ux.
Moreover, this ours inhomogeneously. So we expet that the internal spae is pinhed o due to the
Hawking radiation (Figure 3). Though the pinhed point is lassially singular, this is expeted to be
regularized by quantum eet. Thus, the blak string region is exised from our spaetime. It looks
like the evaporation of the blak string from the observer outside. However, this evaporation proess is
ompletely dierent from the naive evaporation proess in Figure 1.
5 Conlusion
We have investigated the (2+1)-dimensional blak strings in the Kaluza-Klein spaetime. The solution of
the master equation tells us that the internal spae shrinks inhomogeneously (Figure 2). From this result,
we an give the speulation for the non-linear radion dynamis. The blak string may be exised from
the spaetime due to the Hawking radiation (Figure 3). This an be interpreted as the evaporation of the
blak string from the observer outside. This evaporation proess is dierent from that naively onsidered
so far. Of ourse, at the present level of the analysis, we an not insist it strongly. However, it is worth
to reonsider the evaporation proess of blak strings with taking into aount the radion dynamis [5℄.
We need to analyze the non-linear radion dynamis to examine if our expetation in Figure 3 is orret.
Furthermore, it is intriguing to onsider the present issue in the ontext of the string theory.
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